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Abstract
Investigation of the many-body condensed-matter systems allows
us to connect the microscopic physics at the atomic energy scale and
the macroscopic physics emerging in the low-energy corner. It gives
some hints on the mechanisms of the formation of the physical laws
which our Universe obeys. The paper is devoted to the centenary of
Matvei Petrovich Bronstein.
1 Ether of 21-st century
Each epoch in the history of physics
has its own specific ether.
M. Bronstein [1]
The ether of the 21-st century is the quantum vacuum. The quantum
ether is a new form of matter. This substance has a very peculiar properties
strikingly different from the other forms of matter (solids, liquids, gases,
plasmas, Bose condensates, radiation, etc.) and from all the old ethers. The
new ether has equation of state p = −ǫ; it is Lorentz invariant; and as
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follows from the recent cosmological observations its energy density is about
10−29g/cm3 (i.e. the quantum ether by 29 orders magnitude lighter than
water) and it is actually anti-gravitating.
There are several problems related to the gravitational properties of the
quantum vacuum [2, 3, 4]. The first one is the “unbearable lightness of space-
time” [5]. According to the naive estimation, the natural value of the energy
density of the vacuum is ǫ ∼ c7/h¯G2. It is constructed from the Planck
units which form the Bronstein cube [6]: G is Newton constant, c is speed
of light, and h¯ is Planck constant. This estimate is too big as compared to
the experimental value of the cosmological constant Λ ∼ 10−123c7/h¯G2. The
next problem is: why is vacuum (anti)gravitating? In other words, why is
Λ non-zero? it is easier to accept that Λ is exactly zero, than 123 orders of
magnitude smaller. Then there is a coincidence problem – Why is vacuum
as heavy as the present (dark) matter? – and some other.
Fortunately there are analogs of the quantum vacuum in condensed mat-
ter physics and this allows us to say something on many problems related to
the new ether [7, 8].
2 From semiconductors to quantum gravity
During my work in the Institute I wrote a num-
ber of papers (on the theory of electronic semi-
conductors, on cosmological problem, etc.).
M. Bronstein [9]
Is it really surprising in our century that semiconductors and cosmology
have something in common? Not at all, the gap between these two sub-
jects practically disappeared. The same quantum field theory describes our
Universe with its quantum vacuum and the many-body system of electrons
in semiconductors. The difference between the two systems is quantitative,
rather than qualitative: the Universe is bigger in size, and has an extremely
low temperature when compared to the corresponding characteristic energy
scale.
Characteristic energy scale in our vacuum (analog of atomic scale in semi-
conductors and other cond-mat systems) is Planck energy EP = (h¯c
5/G)1/2 ∼
1019 GeV ∼ 1032K. We live at exremely low energies and temperatures: even
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the highest energy in the nowadays accelerators, which is of the electroweak
energy scale, is extremely small compared to Planck energy: Eew ∼ 1 TeV
∼ 1016K∼ 10−16EP . The temperature of cosmic background radiation is
much smaller TCMBR ∼ 1 K∼ 10
−32EP .
Cosmology belongs to ultra-low frequency physics. Expansion of Uni-
verse is extremely slow: the Hubble parameter compared to the characteristic
Planck frequency ωP = (c
5/Gh¯)1/2 is H ∼ 10−60ωP . This also means that at
the moment our Universe is extremely close to equilibrium. This is natural
for any condensed matter including semiconductors: if there is no energy flux
from environment the energy will be radiated away and the system will be
approaching the equilibrium state with vanishing temperature and motion,
So, our present (and even early) Universe belongs to the ultra-low-tempe-
rature physics. But when we compare the Universe with insulators and ordi-
nary semiconductors, where the electronic spectrum has a gap, the natural
question would be why all our elementary particles are not frozen out. Even
at high temperature Tew of electroweak phase transition everything should
be completely frozen. The natural value of the mass of elementary particles
– fermions – must be of order EP/c
2, the equilibrium density of the parti-
cles at Tew must be ∝ e
−EP /Tew = 10−10
16
≡ 0. This small number 10−10
16
and the smaller number 10−10
30
at the temperature T = 300K at which we
live, present much greater challenge for us than the rather modest number
10−123 of the cosmological problem. So, first we must solve the more urgent
problem: how can any life survive in such a freezer as our Universe?
For condensed matter the right answer would be the following. In addi-
tion to semiconductors and insulators there exist metals whose electrons are
gapless. They have a Fermi surface and those electrons who live sufficiently
close to the Fermi surface are not frozen out. But who protects the Fermi
surface? The Fermi surface is the property of the ideal Fermi gas without
interaction between the electrons. One may expect that interaction between
electrons will necessarily destroy the Fermi surface and open the gap. This
however does not happen: the interaction transforms the Fermi gas into the
Fermi liquid but the Fermi surface survives. What is the reason for that?
The answer to this question is given by topology [10, 11, 8, 12]. Topology
operates in particular with integer numbers – topological charges – which
do not change under small deformation of the system. The conservation of
these topological charges protects the Fermi surface and another object in
momentum space – the Fermi point – from destruction. They survive when
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the interaction between the fermions is introduced. When the momentum
of a particle approaches the Fermi surface or the Fermi point its energy
necessarily vanishes. Thus the topology is the main reason why there are
gapless quasiparticles in the condensed matter systems and (nearly) massless
elementary particles in our Universe.
The gapless (massless) fermions live either in the vicinity of the Fermi
surface or near the Fermi point. The difference between the two objects in
momentum space is that they are characterized by different types of topo-
logical charge (i.e. they are described by different homotopy groups). Fermi
point is protected because it is the hedgehog in momentum space (Fig. 1),
and the hedgehog is topologically stable because “one cannot comb the hair
on a ball smooth”.
In condensed matter most of the gapless fermionic systems have Fermi
surface. All the systems with Fermi surface necessarily experience the same
universal metallic behavior at low T , and we can say that they belong to the
Fermi surface universality class. This universal behavior is emergent and it
is the consequence of the topology in momentum space.
There are only a very few condensed matter systems which are gapless
because they have Fermi points. These are superfluid phases of liquid 3He
[8] and semiconductors of a special type [13] (I do not consider here the so-
called Dirac points in the graphene sheet, since this system corresponds to
2+1 Universe [14]). But these systems appear to be very important, since
they have a very peculiar emergent properties.
3 Emergent physical laws
After the relativistic quantum theory is cre-
ated, the task will be ... to unify quantum
theory (with its constant h), special relativity
(with constant c), and the theory of gravita-
tion (with its G) into a single theory.
M. Bronstein [6]
The striking properties of systems with Fermi points follows from the so-
called Atiyah-Bott-Shapiro construction (see Ref. [11]), which leads to the
following general form of expansion of Hamiltonian for electronic quasiparti-
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cles near the Fermi point (see also Refs. [10] and [8]):
H = eki σ
i(pk − p
0
k) + ... (1)
Here σi are Pauli matrices, while in the more general case the Dirac Γ-
matrices are involved; and ... denote the higher order corrections. The
expansion parameters, the matrix eki and the vector p
0
k indicating the posi-
tion of the Fermi point in momentum space, depend on the space and time
coordinates and thus are dynamic fields. This expansion demonstrates that
close to the Fermi point, the low-energy electrons behave as relativistic Weyl
fermions. The vector field p0k plays the role of the effective U(1) gauge field
acting on these fermions. For the more complicated Fermi points, the ef-
fective gauge fields emerge which correspond to the Lie groups of higher
dimension: SU(2), SU(4), etc. [8].
The dynamic matrix field eki acts on the quasiparticles as the field of
vierbein, and thus the effective gravitational field naturally emerges in the
system with Fermi point. Note that as distinct from the string theory, the
gravity emerges not as the spin-2 field, but as the metric (or vierbein) field.
In other words, gravity emerges as geometry of the effective space-time in
which fermionic quasiparticles live.
We know that in the relativistic particle physics, i.e. in the Standard
Model of electromagnetic, weak and strong interactions, all the elementary
particles (quarks and leptons) are practically gapless. They acquire mass
only at extremely low temperature Tew ∼ 10
−16EP . Above the electroweak
phase transition they are gapless and have Fermi points. This suggests that
the vacuum of the Standard Model is the system which belongs to the Fermi
point universality class, i.e. to the same universality class as a semiconductor
with Fermi point. If this is so, then the Fermi point topology is the main
reason why the elementary particles, which are in the basis of our present
Universe, are not frozen out at such a low T . And if so, this also explains why
the Standard Model is described in terms of the Weyl relativistic fermions,
gauge fields and gravity: all these ingredients naturally emerge in the system
with Fermi points. They emerge together with relativistic spin, Dirac Γ ma-
trices, Clifford algebra and with physical laws: relativistic invariance, gauge
invariance, equivalence principle and others. Symmetry is the consequence
of topology (Fig. 2).
This also demonstrates that the natural value of the masses of all ele-
mentary particles in our Universe is m = 0, while in the vacuum without
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Fermi point:
hedgehog
in momentum space
gapless fermions live near Fermi surface & Fermi point
who protects massless fermions?
life exists because Fermi point
is hedgehog in momentum space
protected by topology
Figure 1: Topology in momentum space protects Fermi points – the basis of
elementary particles, Weyl fermions (left and right leptons and quarks).
Symmetry or Topology ?
who protects massless excitations?
where symmetry comes from ?
 physical laws must be
robust to deformations of the underlying microsystem:
this is the area of topology
topology 
from topology 
Figure 2: Symmetry of physical laws emerge from the topology of Fermi
point. Topology is primary and symmetry is secondary.
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Fermi point the natural value of the mass is m = EP . A tiny non-zero mass
of leptons and quarks in our Universe, m < Eew ≪ EP , is the secondary
effect occurring at low temperatures. It is analogous to the Cooper paring in
electronic systems, which also occurs at rather low temperatures compared
to the characteristic atomic energy scale EF (the Fermi energy which plays
the role of EP ). For example, in one of the most simple metals – lithium –
superconductivity starts at T < 10−7EF [15].
The Fermi point is actually in the origin of the Dirac large number – the
ratio of the electrical to the gravitational forces between a proton and an
electron, NDirac ∼ E
2
P/m
2 [16]: The natural value of the Dirac number in
the vacuum with and without a Fermi point is NDirac = ∞ and NDirac = 1
correspondingly. This is the property of the quantum vacuum, which re-
flects its topology in momentum space. The momentum-space topology of
the fermionic Green’s function has nothing to do with cosmology, and this
invalidates the Dirac large numbers hypothesis.
4 Emergent gravity and quantization
it is possible to construct a consistent
quantum theory of gravity in the frame-
work of the special theory of relativity
... Matters are different, however, in the
realm of the theory of general relativity
M. Bronstein [17]
So, we have a condensed matter primer of how the metric field and the
space-time geometry may emerge as the low-energy phenomena. This poses
the problem: is gravity in our Universe fundamental or it is the emergent
property of the quantum vacuum? At the moment, we cannot choose be-
tween these alternatives. However, there are several important lessons from
the condensed matter island. First, if gravity is emergent it must emerge
simultaneously together with all other physics. Second, gravity is a classical
low-energy property of the quantum vacuum, just in the same manner as
hydrodynamics is a classical low-energy property of quantum liquids [19].
This actually excludes the quantum gravity, which does not exist due to
the same reasons why the quantum hydrodynamics cannot be constructed
7
[20]. At high energy the gravitational (or hydrodynamic) degrees of freedom
cannot be separated from all other microscopic degrees of freedom of the
quantum vacuum, and thus the quantization of the gravitational (hydrody-
namical) field makes no sense. Nevertheless, in the linear theory, i.e. when
the deviations from the special theory of relativity are small, the gravitational
waves can be quantized just in the same manner as sound waves can be quan-
tized in hydrodynamics. This has been done by Bronstein [18] who obtained
quanta of gravitational waves – gravitons. They are analogous to quanta
of sound waves (phonons), though are more complicated. On the contrary,
the nonlinear theory of general relativity cannot be quantized. “Matters are
different, however, in the realm of the theory of general relativity” as has
been correctly indicated by Bronstein [17].
5 Cosmological problems
a solution to the cosmological problem
requires first to create a unified theory of
electromagnetism, gravity, and quanta
M. Bronstein [6]
We have effective electromagnetism and gravity emerging together from
the quantum vacuum of a semiconductor with Fermi point. Now we may
use this cond-mat caricature of a unified theory to look for the solution of
cosmological constant problems. The advantage of this caricature of our
world is that we know the physics of this system at all the relevant energy
scales. We know both the effective theory emerging at low energy, and the
exact microscopic (atomic) physics at high energy which is still not known
for our quantum ether. Thus we are able to match the two approaches and
to see, for example, why our naive estimation of the vacuum energy density
is wrong.
Let us start with the this problem of the “unbearable lightness of space-
time” [5]. The cond-mat caricature teaches us that in addition to the ‘fun-
damental’ constants forming the Bronstein cube, h¯, c and G, we have the
dimensionless quantity. In a semiconductor, this is the total number of elec-
trons N which is about N ∼ 1023 in the sample of 1 cm size. The coun-
terpart of this N in cosmology would be the number of the elements com-
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prising the quantum vacuum in our Universe. The number of “atoms of the
ether”, whatever they are, can be estimated as the volume of our Universe
(within the cosmological horizon) divided by the elementary Planck volume:
N = R3/l3P ∼ 10
180, where lP = (h¯G/c
3)1/2 is the Planck length.
The large numberN of the constituents of a system means that the system
is macroscopic and must obey the macroscopic laws, which as we know from
statistical physics and thermodynamics do not depend much on the details of
the microscopic physics. These macroscopic laws must be taken into account,
when one discusses the natural value of such macroscopic quantity as the
energy density of the vacuum.
Macroscopic behavior of any many-body system, such as semiconductor,
is generic. In particular, we know that if the system is in its ground state,
then it follows from the thermodynamic Gibbs-Duhem relation that the equa-
tion of state of the system is p = −ǫ (see Ref. [7]). The quantum vacuum is
the ground state of our Universe, and it is not surprising that it obeys the
same equation of state.
Then we know that if the many-body system is isolated from the envi-
ronment, its pressure p = 0. That is why from the macroscopic physics it
follows that the natural value of the energy density of the many-body system
in its ground state is ǫ = 0. Since thermodynamic laws are valid for any form
of matter, it would be really surprising if the quantum ether does not obey
the same thermodynamic rule. Thus, if we believe that our Universe does
not interact with the environment, the natural value of the energy density
of the vacuum is ǫ = 0, and not ǫ ∼ c7/h¯G2 as suggested from the naive
consideration of microscopic parameters of the system.
The same thermodynamic arguments are instructive for consideration of
the other cosmological constant problems. In addition to quantum ether
the Universe contains matter, radiation and other perturbations which pol-
lute and disturb the perfect quantum vacuum. Just as in condensed mat-
ter systems, each of these additional components has its own partial pres-
sure, pmatter, pradiation, etc. Since the total pressure of the system must
be zero, pmatter + pradiation + ... + pvacuum = 0, one obtains the non-zero
value for the vacuum pressure. Thus the non-zero vacuum energy density
Λ = ǫvacuum = −pvacuum is necessarily induced by perturbations of the vac-
uum state and it is proportional to the perturbations.
Since the present Universe is very close to its equilibrium ground state, all
the perturbations of the vacuum are small. Thus the present cosmological
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constant should be small: its natural value is on the order of the present
energy density of matter and other perturbations in our Universe. It may be
expressed in terms of the Planck cube and the number N of ‘Planck atoms’
as Λ(N) ∼ (c7/h¯G2)N−2/3. This demonstrates that the energy density of the
quantum ether is small because the system is macroscopic. The energy of a
single isolated ‘Planck atom’ , which has microscopic size lP , is naturally of
the Planck energy scale l3PΛ(N = 1) ∼ EP .
6 Dynamics of Λ
a new form of energy connected with the λ-field
... compensates Bohr’s nonconservation.
M. Bronstein [21]
The analogy with semiconductors suggests that the cosmological ‘con-
stant’ is not a constant, but is the macroscopic dynamical quantity, which
adjusts itself to the evolution of the Universe. So, the main remaining cos-
mological problem is the dynamics of Λ. What is the mechanism of the
evolution of Λ in the expanding Universe? In particular, how does Λ relax
after the cosmological phase transition?
Dynamics of vacuum energy may require modification of Einstein equa-
tions. The time dependent Λ leads to the non-conservation of energy in the
matter world: the energy of matter can be converted to the energy of the
quantum vacuum, see e.g. Ref. [22] and references therein. This is what
was anticipated by Bronstein [21], and he was properly cited in Ref. [22].
Nowadays there are many models incorporating a varying cosmological term
(mainly under the names of quintessence and dark energy).
It is interesting that in the note added to his paper [21], Bronstein wrote
that he was unhappy that his approach was macroscopic and not microscopic.
However, in most of the modern papers the energy exchange between matter
and the Λ-term (quantum vacuum) is considered using the phenomenologi-
cal macroscopic approach similar to that in the Bronstein paper. The phe-
nomenological choices of the form of the exchange in these papers are not
much better than that introduced by Bronstein. Even now, after 70 years,
the reliable microscopic approach to this process of energy exchange is still
missing, and this is the challenge to the modern physics.
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7 Discussion
The Universe should be considered ... as
consisting of two interacting parts; the one
of them ... obeys the laws of the general theory
of relativity, and the other ... does not
M. Bronstein [21]
Both in condensed matter and in our Universe these two parts are distin-
guished by the energy scale. The first subsystem contains excitations above
the ground state: these are quasiparticles in condensed matter systems and
elementary particles in our Universe (leptons and quarks). In addition it con-
tains the effective bosonic quantum fields, which in some condensed matter
systems play the role of gravitational and gauge fields. All this corresponds to
the conventional matter in our Universe, which lives within the sub-Planckian
energy scale E ≪ EP . This matter obeys those physical laws which emerge
at E ≪ EP .
The other subsystem occupies the Planckian and trans-Planckian energy
scales. This is the main part of the quantum ether and it is governed by the
trans-Planckian physics. Though this microscopic physics is still unknown,
we know form our condensed matter experience that it should obey the ther-
modynamic laws, which are applicable to any macroscopically large system.
As a result, the physical laws which emerge at low energy together with
the matter itself are generic. They do not depend much on the details of
the trans-Planckian subsystem, being determined by the universality class,
which the whole system belongs to.
A semiconductor with Fermi point [13] and superfluid 3He provide an ex-
amples of how the physical laws emerge in the fermionic systems, if they
have a topologically protected Fermi point in momentum space. Under
certain condition on the hierarchy of the microscopic scales, these physical
laws are background independent and model independent. That is why any
model which contains the Fermi point and obey this condition will produce
the ‘Standard Model’ : chiral fermions, gauge fields and gravity. The only
model-dependent property of the emerging ‘Standard Model’ is its emerging
symmetry group, and the challenge is to find the microscopic model which
leads to the present Standard Model.
The smaller is our energy, the thinner is our memory on the underly-
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ing high-energy trans-Planckian world of the quantum ether where we all
originated from. However, earlier or later we shall try to refresh our mem-
ory and concentrate our efforts on the investigation of this form of matter,
which has been started by Matvei Petrovich Bronstein. The main message
from semiconductors to quantum gravity is that the Fermi point should be
the necessary intermediate step in any reliable microscopic model: ‘quantum
graphity’ [23], string theory, etc.
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